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Abstract The effect of water application (e.g., through
rainfall or sprinkler system) on emissions of greenhouse
gases (GHGs), such as nitrous oxide (N2O), methane (CH4),
and carbon dioxide (CO2), from pen surfaces of open-lot beef
cattle feedlots was evaluated under controlled laboratory
conditions. Soil/manure samples were collected from several
randomly selected pens from two beef cattle feedlots in
Kansas and were used as simulated pen surfaces. Three
treatments (i.e., dry and loose, moist and loose, and moist and
compacted pen surface conditions) were considered, simu-
lating surface conditions in the field after a typical rainfall
event or water application with a sprinkler system. Soil/
manure and water were mixed within glass containers and
analyzed for GHG emission using a photo-acoustic infrared
multi-gas analyzer; emission rates were calculated from
measured concentrations. GHG emissions from the dry soil/
manure samples were low, with mean values of 0.02, 0.00,
and 45 mg m-2 h-1 for N2O, CH4, and CO2, respectively,
compared to moist soil/manure samples. Water applica-
tion on the dry manure samples resulted in large peaks of
GHG fluxes, with peak values of 99.2, 28.6, and
15,443 mg m-2 h-1 for N2O, CH4, and CO2, respectively.
Keywords Feedlot  Surface emission  Soil/manure
drying process  Greenhouse gas emission  Rainfall effect
Abbreviations
A Surface area (m2)
AFOs Animal feeding operations
F Emission flux (mg m-2 h-1)
GHGs Greenhouse gases
PIMA Photo-acoustic infrared multi-gas analyzer
S Slope of the least squares regression line between
GHG concentration and time (ppm/min)
V Volume of air within the static flux chamber (L)
DC Gas concentration difference (ppm)
Dt Sampling interval (min)
Introduction
Agricultural operations, including rice cultivation, soil
management, and animal feeding operations (AFOs),
account for a large part of the anthropogenic emissions of
CH4 and N2O [1, 2]. AFOs, in particular, contribute to
climate change and have become a public environmental
concern [3] in many countries.
In most soil substrates, microorganisms play an important
role in the production or consumption of N2O, CH4, and
CO2. The microbiological processes that are responsible for
emissions of these GHGs (i.e., nitrification, denitrification,
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methanogenesis, and respiration) are regulated by interac-
tions among soil redox potential, pH, carbon (C) content,
temperature, water content, and oxidants, including oxygen
(O2) and nitrate (NO3
-) [4–6]. To survive, grow, and
reproduce, most soil microorganisms need a source of C as a
basic building block for new cells. These microorganisms
obtain energy by catalyzing redox chemical reactions, in
which inorganic compounds act as electron acceptors,
allowing the complete oxidation of organic substrates,
which act as electron donors [7]. To accomplish this process,
electrons are transferred from the organic C substrate to an
electron acceptor. Under aerobic conditions, most soil
microbial cells use O2 as an electron acceptor, releasing CO2
into the atmosphere [6]. When the O2 concentration within
the soil decreases, as occurs in highly compacted or high
water content substrates such as feedlot pen surfaces, the
activity of aerobic microorganisms is depressed, but a spe-
cial group of microorganisms capable of using NO3
- as an
electron acceptor can be activated. Further reductions of
NO3
- might result in a net emission of N2O [6, 8]. If con-
ditions within the soil become anaerobic for several days,
methanogen cells will be activated to use hydrogen as an
electron acceptor, resulting in CH4 production [6].
Agricultural effects on GHGs emissions have been
studied extensively [9, 10]. Peaks of N2O emissions as
much as 22 times larger than normal emission rates were
obtained several days after rainfall in agricultural soils [11].
Other studies reported increased emissions of N2O within
minutes after adding water to dry agricultural soils [12, 13].
A study of GHG emissions from irrigated cropping systems
as influenced by manure and synthetic fertilizer reported
fluxes that were 55 times the mean values of the other plots
[14]. This study also stated that the causes of those emission
hotspots are generally unknown, and that those hotspots
might be responsible for a very large proportion of the N2O
emissions. Increased microbial activity 8 h after watering
dry soil has been reported [15]. De Klein et al. [16] also
reported N2O fluxes increasing from 20 g ha
-1 day-1
before irrigation to 740 g ha-1 day-1, just 2 h after irri-
gation; they also reported that the flux increased up to
1,050 g ha-1 day-1, 24 h after the initial irrigation event.
Dusty conditions and heat stress are common challenges
for cattle and feedlot operators during the summer season.
Water sprinkling on pen surfaces is one of the best ways to
reduce and control dust emissions [17, 18]. Sprinkling water
on cattle also alleviates cattle heat stress [19]. Because
GHGs are produced in the soil due to microorganism
activity and because microorganism activity might be
triggered by high water content, the potential for GHG
emission while controlling dust or minimizing heat stress
through water sprinkling must be evaluated. Despite
extensive GHG emission research on soils, scientific
information on GHG emissions from cattle feedlots,
particularly after a rainfall event or water application on pen
surfaces, is limited. The main purpose of this study was to
evaluate the effects of water application on GHG emissions
from feedlot manure. This research is expected to contribute
to a better understanding of the effects of water content and
water application on GHG emissions from pen surfaces in
beef cattle feedlots and related sources.
Materials and methods
Samples of beef cattle feedlot manure were collected from
several pens in two beef cattle feedlots in Kansas. The sam-
ples were mixed and air-dried until the average gravimetric
water content was approximately 0.10 g g-1 (wet basis).
Large clods were removed by sieving using a 4.75-mm sieve.
These processed samples were placed in glass containers and
used as simulated pen surfaces, as described below.
Two sets of experiments were conducted (Table 1). The
first set (Experiments 1a and 1b) involved determination of
emission fluxes of N2O, CH4, and CO2 from the simulated
dry pen surfaces after a rainfall event or water application.
The second set (Experiments 2a and 2b) was designed to
investigate the factors that influence the emission of those
GHGs from the manure after water application.
Experiment 1: effects of water application on GHG
emission fluxes
Experiment 1 had two parts (Table 1). The first part
(Experiment 1a) assessed the long-term (up to 30-day) trend
of emissions of N2O, CH4, and CO2 from simulated pen
surfaces after water application. In this experiment, 218.8 g
of the dry manure (0.10 g/g water content, wet basis) were
placed in 1-L glass containers. There were three treatments,
including the control, with three replications for each
treatment. For the control (i.e., no water application), three
containers with the dry manure were randomly selected. For
the moist/loose manure treatment, three other containers
were randomly selected and 111.2 g water at room tem-
perature (22 C) was added into the containers and slowly
mixed with the dry manure. That amount of water repre-
sented a column of 16.7 mm of a simulated short-term but
intense rainfall. Intense rainfall events between 8 and
22 mm were common in the field during the 2010 spring
and summer seasons [20]. Final wet bulk density in the
containers (Table 1) was within the range measured under
field conditions, as described by Aguilar et al. [20]. For the
moist/compacted manure treatment, samples were prepared
in the same fashion as the moist/loose manure treatment,
then immediately after mixing the water and the dry man-
ure, samples were uniformly compacted until a wet bulk
density of 1.1 g cm-3 was reached to simulate field
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conditions. Compaction was performed manually using a
cylindrical wooden stick and a rubber mallet. To stan-
dardize the compaction process, samples were compacted
until a final volume of 300 cc of moist manure within the
containers was reached. That final volume was computed
based on manure physical conditions.
The first gas sampling and measurement for each con-
tainer was conducted 3.5 h after water application. Imme-
diately before sampling, each container was flushed with
ambient air [21] to ensure that GHG concentrations at the
headspace were at ambient levels. Sampling was performed
using a photo-acoustic infrared multi-gas analyzer (PIMA;
INNOVA 1312, AirTech Instruments, Ballerup, Denmark)
equipped with optical filters for measuring N2O, CH4, and
CO2, and water vapor. Gas sampling was repeated within a
period of 30 days, as shown in Table 1. Containers were
kept uncapped within the laboratory during this period. Air
temperature and pressure were measured during sampling.
Soil/manure temperature from each container was also
measured using a thermometer (model 14-983-17A, Fish-
erbrand, Pittsburgh, PA). Atmospheric pressure was mea-
sured using a barometer (Princo Southampton, PA).
The second part of the experiment (Experiment 1b)
assessed the short-term (up to 3 h) effects of water appli-
cation on GHG emissions. The experimental setup, includ-
ing sample preparation, treatments, and instrumentation,
was the same as that for Experiment 1a. Because of the
higher sampling frequency in Experiment 1b, there were
only two replications for each treatment. Gas sampling and
measurement was done at 0.08, 0.25, 0.50, 0.75, 1.0, 1.5, 2.0,
and 3.0 h after water application (Table 1).
Experiment 2: mechanisms of GHG emissions
after water application
Similar to Experiment 1, Experiment 2 had two parts. The
first part (Experiment 2a) evaluated the mechanisms of
GHG formation in the manure after water application.
Treatments were the same as in Experiment 1. Twenty-four
manure samples were prepared following the procedure
described for Experiment 1. Five glass containers were used
for the control (dry/loose manure and no water application).
GHG concentrations, manure physical and chemical
characteristics (i.e., water content, temperature, pH, ammo-
nium [NH4
?], and nitrate content [NO3
-]) were measured
over the 30-day experimental period. Each container was
sampled once, following the sampling scheme shown in
Table 1. During sampling, the headspace gas concentration in
the container was analyzed for GHG in the same manner as
described for Experiment 1. After gas concentration mea-
surement, a manure core was collected from the sampled
container. Those cores were kept frozen, and at the end of the
30-d experimental period, they were analyzed at the Kansas
State University Soil Testing Laboratory for pH, NH4
?, and
NO3
-, as described by Aguilar et al. [20, 22]. Each container
was discarded after core sampling. Manure temperature in
each container was measured immediately before and after
gas sampling using glass thermometers. The air temperature
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and pressure in the laboratory were also measured using the
same glass thermometers and the barometer, respectively, as
described earlier.
Experiment 2b was conducted parallel to 2a. In contrast
to Experiment 2a, in which manure temperature was
measured only during gas sampling, manure temperature in
Experiment 2b was measured continuously every 5 min for
45 days. Treatments were the same as described in
Experiment 1, with two replicates each. Two different
water applications were performed. The first water appli-
cation was at 0 h; the second was at day 35 after the first
water application. Manure temperature was measured using
HOBO TMC6-HD sensors (-40 to 100 C ± 0.25 C,
resolution 0.03 C) connected to a data logger (HOBO
U12-008, Onset Computer Corporation, Bourne, MA).
Data analysis
The emission flux for each container during each sampling,
F, was calculated from mass balance, as described by
Aguilar et al. [22]:
F ¼ kðV=AÞðDC=DtÞ ð1Þ
where V is headspace volume, A is surface area, DC/Dt is
the change in gas concentration with time within the con-
tainer, and k is conversion constant. The slope
(ppm min-1) of the linear regression between gas con-
centration and time, S, was used for (DC/Dt) because the
gas concentration was generally linearly related to time.
As described by Aguilar et al. [22], data were analyzed
using Proc Glimmix of SAS with a 5 % level of significance
and when the treatment 9 time interaction was significant,
and treatment differences were assessed for each sampling.
Significant differences between treatments were determined
using Tukey p value adjustments [23]. Correlation was
assessed by Proc Corr of SAS [24]. The analysis of differences
in the processes that generated time series soil/manure tem-
perature was assessed by White Noise using R Project [25].
Results and discussion
Experiment 1: effects of water application on GHG
emission fluxes
Figure 1 plots the emission fluxes for N2O, CH4, and CO2 as
affected by water application. Emission fluxes from the dry/
loose manure (control) were negligible. Application of
water on the manure resulted in significantly larger emis-
sion fluxes for all three GHGs, suggesting that water
application triggers GHG emission. Table 2 summarizes the
mean and peak emission fluxes for Experiments 1a and 1b.
Nitrous oxide
Nitrous oxide emission flux for the control (dry/loose
condition and no water application) was generally small
(Fig. 1c, f). This result is consistent with the field mea-
surements reported by Aguilar et al. [20] for cattle feedlots
and by De Klein et al. [16] for soils. The N2O emission
fluxes from the moist/loose and moist/compacted manure
samples were significantly larger than those for the control.
Moreover, N2O emissions from the moist/loose and moist/
compacted manure samples did not differ significantly
(p [ 0.05); however, they differed significantly (p \ 0.05)
in the peak emission values. Figure 1c shows that for the
dry soil/manure (control), the N2O flux remained almost
zero during the experimental period, but the N2O fluxes
from the moist/loose and moist/compacted manure
increased to 99 and 74 mg m-2h-1, respectively, approx-
imately 15 min after water application. The first N2O peak
from the moist/loose manure was significantly larger than
that for the moist/compacted manure. The difference in the
peak values between moist/compacted and moist/loose
manure might be due to the larger wet bulk density of the
moist/compacted manure (Table 1), which could have
delayed gas diffusion from the substrates to their surface/
air interface. Therefore, just the top layer of the moist/
compacted manure was able to quickly diffuse N2O to the
headspace, which can also explain its quick and large N2O
flux decline during the first hour of the experiment. Pre-
vious researchers [11–13, 26–28] reported increased N2O
emission rates after rainfall events or artificial watering
processes in agricultural soils. Nitrous oxide emission
peaks as much as 22 times larger than normal fluxes were
obtained at different times after a watering event [11].
Although several studies have reported large emissions of
N2O several hours or even several days after rainfall
events, other studies, including Davidson [12] for dry
grassland soil and Scholes et al. [13] for dry savanna soil,
reported that emissions of N2O began and markedly
increased within minutes after adding water to soil at the
end of the dry season. These results are comparable to
those in the present study.
A second N2O emission peak was observed for both
the moist/loose and moist/compacted manure at 120 and
410 h after water application, respectively. The second
N2O peak for the moist/loose manure was observed when
the N2O flux of the moist/compacted manure and the
control were not significantly different. The increased
N2O emission rate of the moist/compacted manure may
be a consequence of the accumulated water underneath
the surface due to soil compaction, which might have
resulted in anaerobic conditions within the packed man-
ure, triggering the denitrification process and enhancing
N2O emissions [11].
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After air-drying of manure, considerable NO3
- as a
result of nitrification is expected to remain within the
manure; when water is applied under these conditions,
denitrification might lead to a large N2O production [11].
Therefore, the high N2O emission rate within just 15 min
after water application (Fig. 1c) likely was a consequence
of a high concentration of NO3
- in the dry manure, which
suddenly triggered the activation of denitrification after the
addition of water. Davidson [12] suggested that nitrifying
and denitrifying microorganisms can survive for long
periods of time in dry conditions and extreme high and low
temperatures and can become active within minutes after
watering. In this experiment, as the moist/loose manure
dried, conditions likely became more aerobic and reduced
the denitrification activity, which could help explain the
sustained reduction of N2O emission flux 1 h after watering
(Fig. 1c), reaching background levels 24 days later
(Fig. 1f). In a soil normally dominated by air-filled pore
space and oxidizing conditions, the soil may become sat-
urated with water during recharge events, and reduced
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Fig. 1 Effects of water
application on GHG emission
fluxes: a, b and c correspond to
CO2, CH4, and N2O fluxes,
respectively, during the first 3 h
after water application
(Experiment 1b); d, e, and
f represent CO2, CH4, and N2O
fluxes, respectively, from 3.5 to
720 h after water application
(Experiment 1a)
Table 2 Effects of water
application on mean and peak
emission values
 Time in which peaks were
observed
Treatment N2O CH4 CO2
Mean Peak Time Mean Peak Time Mean Peak Time
(mg m-2h-1) (h) (mg m-2h-1) (h) (mg m-2h-1) (h)
0 to 3 h after water application
Dry/loose (control) 0.0 No peak 0.0 No peak 0.7 No peak
Moist/loose 29.3 99.2 0.25 7.4 28.6 0.25 11,678 15,443 1.0
Moist/compacted 19.3 75.4 0.25 5.1 21.7 0.25 4,411 6,237 1.5
3.5 to 720 h after water application
Dry/loose (control) 0.02 No peak 0.00 No peak 45 247 120
Moist/loose 2.60 6.38 120 0.29 1.33 146 3,935 6,153 120
Moist/compacted 4.33 17.2 410 0.89 4.51 410 3,894 5,980 220
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Methane
Figure 1b, e shows that CH4 emission fluxes followed the
same trend as N2O fluxes. Emission flux from the control
(dry/loose manure and no water application) was also
negligible. Emission fluxes from the moist/loose and moist/
compacted manure were significantly larger than that for the
control. The first CH4 emission peak from the moist/loose
manure (28.6 mg m-2 h-1) was significantly larger than
that for the moist/compacted manure (21.7 mg m-2 h-1),
possibly as a consequence of the higher wet bulk density of
the moist/compacted manure (Table 1). A second CH4
emission peak was observed for both moist manure treat-
ments at 120 and 410 h after watering, respectively
(Fig. 1e). The second CH4 emission peaks were smaller
than the first. The CH4 emission peak of the moist/com-
pacted manure (4.5 mg m-2 h-1) was also significantly
larger than that of the moist/loose manure (1.3 mg m-2 -
h-1). Results suggest that at 220 h after watering, the moist/
compacted manure, which trapped water underneath the
surface, could have become completely anoxic; the moist/
loose manure had recovered its oxidizing conditions at that
time. This is confirmed by the almost negligible CH4
emission flux from the moist/loose manure, whereas the
moist/compacted manure showed larger CH4 emission flux
at the same time, as shown in Fig. 1e.
As described by Li [6] and Saggar et al. [30], during a
rainfall or watering event, the top surface layer might
become saturated, and therefore the water would block
the diffusion of O2 into the soil profile, thus depleting the
O2 left in the soil pore space due to microbial con-
sumption. Therefore, because microbial activity in the
dry/loose manure is enhanced as soil water content
increases, this might result in the formation of anaerobic
microsites quickly following watering, which results in
anoxic conditions in the soil [30]. Reduced conditions
may dominate temporarily in a dry soil after watering
[29]; furthermore, in the same manner as temporary
anoxic conditions triggered denitrification, they also
enhanced the activity of methanogenic bacteria, which
resulted in large peaks of CH4 fluxes in both moist
treatments after watering.
Carbon dioxide
Carbon dioxide emission fluxes from all treatments and the
control were significantly different (Fig. 1a, d). The larger
CO2 emission fluxes were observed from the moist/loose
manure. Similar to N2O and CH4, CO2 emission from the
dry manure was negligible throughout the experimental
period. Approximately 581 h after water application,
emission fluxes from both moist treatments did not differ
significantly from the control.
In the case of moist/loose manure, as soon as the pore
space was filled with water, conditions could have become
temporarily anoxic. Moreover, the water was exposed to
vaporization because of the loose conditions and quickly
moved deeper into the manure, which allowed O2 diffusion
from the air to the pore spaces and restored aerobic con-
ditions in the substrate, as suggested by the wider CO2 peak
compared with the narrower N2O and CH4 peaks. There-
fore, GHG emission fluxes from the moist/loose manure
were likely the result of a combination of aerobic and
anaerobic conditions present at the same time. Under aer-
obic conditions, most soil microbial cells use O2 as an
electron acceptor, thus releasing CO2 into the atmosphere
as its main respiratory product [6], so as expected, the
largest CO2 emission flux was observed for the moist/loose
manure.
Carbon dioxide emissions from the moist/compacted
manure were significantly smaller than those for the moist/
loose manure during the first 3 h after water application
(Fig. 1a). This might be due to the limited gas diffusion
and anaerobic conditions. The manure’s compacted con-
dition, in addition to decreased gas diffusion (which limited
O2 diffusion), also retained anoxic conditions longer
because of the trapped water. That sustained anoxic con-
dition enhanced denitrification and methanogenesis,
resulting in large emissions of N2O and CH4 but smaller
emissions of CO2. Figure 1d shows the decreasing trend of
CO2 emission flux for the moist/compacted manure 200 h
after watering, whereas the emission fluxes of CH4
(Fig. 1e) and N2O (Fig. 1f) increased during the same time
period. These results support the thesis of mostly anoxic
conditions in the moist/compacted manure.
Experiment 2: mechanisms of GHG emissions
after water application
Nitrous oxide
The control and moist treatments showed significant
inverse correlation between manure NO3
- and NH4
?
content (Fig. 2). Field measurements presented by Aguilar
et al. [20] also indicated inverse, but non-significant, cor-
relation between soil/manure NO3
- and NH4
?. The non-
significant inverse correlation between NO3
- and NH4
?
from beef cattle pen surfaces was expected because of the
likely constant soil/manure NH4
? content with time as a
result of the random and continuous inputs of fresh cattle
urine and manure to the pen surfaces. No additional input
of nitrogen came with time in this study; as such, a sus-
tained decrease in soil/manure NH4
? content was expected
as nitrification increased with time.
The N2O emission fluxes in Experiment 2 (Fig. 3f)
followed the same trend as in Experiment 1. In Experiment
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2, the control (dry/loose manure) showed a significant,
sustained small increase in NH4
? (Fig. 3d) and a signifi-
cant, sustained, but small decrease in NO3
- (Fig. 3e)
during the 30-d experimental period. This result could
explain the almost negligible emission of N2O from the
control in Experiments 1 and 2 (Figs. 1c, 3f) and suggests
that even though conditions were aerobic in the control,
nitrification was limited because nitrifying microorganisms
were likely inactive as a consequence of the low water
content. However, in both moist manure treatments, a
sudden, although non-significant, decrease in NO3
-
occurred after watering (from 0 to 1 h); thereafter, a sig-
nificant, large production of NO3
- and a significant, large
decrease in NH4
? were observed at the same time
(p \ 0.05) (Fig. 4e, d). These results suggest that although
the manure was dry, both NO3
- and NH4
? were being
accumulated because only a small amount of denitrification
occurred, but as soon as water was added, both nitrifying
and denitrifying microorganisms were activated, as also
suggested by the sudden increase of more than 2 C within
just 10 min of watering in both moist treatments (Fig. 3b).
This may have triggered the transformation of NO3
- into
N2O as byproduct of the denitrification process. Mikha
et al. [15] reported increased microbial activity after
watering dry soil, but 8 h after the watering event.
In the moist/loose manure, as suggested by the quick
decrease in NO3
- content after water application (Fig. 3e),
sudden denitrification might be responsible for the large
but narrow N2O emission flux peak within the first 10 min
after watering (Figs. 1c, 3f). That N2O emission peak las-
ted for 30 min but quickly decreased to a minimum level,
which was sustained during 120 h after watering. Up to 1 h
after watering, the dominant process within the moist/loose
manure was denitrification. One hour after watering,
nitrification surpassed the rate of denitrification, as sug-
gested by the significant decreasing rate of NH4
? content
(Fig. 3d), whereas NO3
- content increased significantly at
the same time (Fig. 3e). At 120 h, when the manure water
content began to decline steadily (Fig. 3a), aerobic
conditions dominated in the manure, then a sudden increase
of NO3
- content (from 42 to 409 ppm) was observed. In
that same time period, N2O emission flux decreased to a
background level. A corresponding decrease in the manure
temperature was also observed (Fig. 3b). These results
suggest that 120 h after water application, aerobic condi-
tions and, consequently, nitrification were predominant
within the moist/loose manure and responsible for the
decreased emission of N2O.
As shown in Fig. 3c, the pH in the control was slightly
























Fig. 2 Relationship between soil/manure ammonium and nitrate
contents
Fig. 3 Relationship among factors affecting N2O emission flux
versus time during 30 days after water application. a soil/manure,
b soil/manure temperature, c soil/manure pH, d soil/manure NH4
?,
e NO3
-, f N2O flux, g CH4 flux, and h CO2 flux
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manure treatments, the pH decreased slightly with respect
to the control as soon as water was mixed with the manure.
In the moist/loose manure 1 h after watering, the pH
increased above that of the control, reaching a maximum of
7.3 at 48 h after watering, then decreased to the back-
ground level. In the moist/compacted manure, the pH
quickly decreased 1 h after watering, reaching a minimum
of 6.8 at 48 h, then increased to 7.3 at 312 h after watering
and remaining around that value until the end of the
experiment. The lowest pH was observed for the moist/
compacted manure. At the time of this minimum pH, the
largest NH4
? content and the lowest NO3
- content during
the complete experimental period were also observed
(Fig. 4c–e). In general, pH remained around 7, which is
favorable for N2O and CH4 production [4].
The moist/compacted manure and the moist/loose
manure behaved similarly, as shown in Fig. 3. Because
rates of denitrification are higher with high water content
[31] and anoxic conditions, during the first hour after
watering, the denitrification process was stronger in this
treatment than in the moist/loose manure, as suggested by
Fig. 3e. Moreover, the narrow peak of N2O emission flux
was smaller (Fig. 3f), likely the result of reduced gas dif-
fusion through the highly compacted surface. In this
treatment, anaerobic conditions remained dominant until
408 h after watering. At 120 h, when the compacted
manure started to dry, nitrification also took place, as
suggested by the moist/compacted manure in Fig. 3e, with
a sudden large increase of NO3
- content. After 120 h, a
large N2O emission flux began, with a large and broader
peak at 408 h. That large N2O emission peak might be the
result of N2O accumulation under the surface during the
time that manure conditions were anoxic, which was
released when the surface drying process began. The sus-
tained (broader) peak also can be explained by the increase
in manure temperature (Fig. 3b), suggesting that com-
pletely anoxic conditions were reached and maintained
deeper in the manure after 120 h. Although the N2O peak
showed up at 408 h, nitrification was the dominant process
in the manure surface with a large conversion of NH4
? into
NO3
- 120 h after watering, as suggested by Fig. 3d, f,
whereas anoxic conditions persisted in the bottom section
of the manure.
Several sources [11, 27, 28, 30, 32–36] have reported
that N2O is produced by the activation of both nitrification
and denitrification processes. Groffman et al. [31], Kanako
et al. [11], and Taghizadeh-Toosi et al. [37] reported that
nitrification activity is activated under low water conditions
and that it is enhanced by the presence of NH4
?, which
results in the production of NO3
- in the soil. They also
suggested that denitrification is enhanced by the presence of
a high amount of NO3
- and that it is activated under high
water content. Davidson [12] and Saggar et al. [30] reported
that nitrification is dominant below field water capacity,
whereas denitrification is dominant above field capacity.
The formation of anaerobic sites following watering was
responsible for N2O emission rates up to 5 times larger






















0.01 0.1 1 10 100 1000





















5 min during a 45-day period
after two water applications:
a total soil/manure temperature
by treatment, b net temperature
increment in the moist
treatments with respect to the
control
103 Page 8 of 12 Int J Energy Environ Eng (2014) 5:103
123
with rates observed below field capacity [30]. This result
suggests that well-drained pens in cattle feedlots will emit
lower rates of N2O than drained pens because the main
driving agent in the dry pen is nitrification.
In general, as shown in Table 3, the N2O emission flux
from the moist/loose manure was directly correlated with
manure factors such as water content, temperature, and
NH4
? content and inversely correlated with pH and NO3
-
content. Ammonium was directly correlated with manure
water content and temperature but inversely correlated with
NO3
- content. Nitrate content was inversely correlated with
manure temperature. In the case of the moist/compacted
manure, N2O emission flux was significantly correlated
only with manure temperature. Ammonium was signifi-
cantly directly correlated with manure water content but
inversely correlated with pH and NO3
- content. Nitrate
content showed a significant monotonic relationship with
soil/manure water content (inverse) and pH content (direct),
as indicated in Table 3; moreover, N2O, CH4, and CO2
emission fluxes were significantly directly correlated with
each other.
Methane and carbon dioxide
The CH4 and CO2 emission fluxes in Experiment 2
(Fig. 3g, h) followed the same trends as those in Experi-
ment 1, also displaying two different sets of gas emission
peaks. Those sudden peaks of CH4 and CO2 emission
fluxes after watering the dry manure also coincided with a
sudden increase in manure temperature just 10 min after
watering (Fig. 3b). As in Experiment 1, the CH4 emission
peak of both moist manure treatments reached the back-
ground level (control) 1 h later. Temperature in the moist/
compacted manure also declined to the background level,
suggesting little microorganism activity at that time.
In the moist/loose manure, after the first CH4 and CO2
emission peaks, the temperature steadily decreased and the
CH4 emission flux declined to the background level. The CO2
emission flux, on the other hand, although decreasing, was
still important 408 h later, when it also reached its background
level. These results suggest that conditions in the manure
became progressively more aerobic as the water content
decreased. This trend also matched the large nitrification
activity previously suggested in the same period of time.
In the moist/compacted manure, the temperature began
to steadily increase 120 h after watering, reaching a max-
imum of 25 C at 408 h, 2 C above room temperature
(Fig. 3b). This second increase in temperature might have
resulted from increasing microorganism activity deeper in
the manure after several days of high water content and
limited gas diffusion through the manure. At that time, a
second and broader CH4 emission peak was reached.
A CO2 emission peak coinciding with the CH4 emission
peak was also observed. This suggests that two different
conditions were reached simultaneously in the vertical
manure profile of the moist/compacted manure. At the
surface, aerobic conditions increased as water evaporated;
this substrate section might be responsible for the
increasing CO2 emission peak as well as for the nitrifica-
tion activity previously reported for this treatment during
the time interval. Furthermore, conditions became strongly
anoxic deeper in the manure, a condition responsible for
the increase in substrate temperature as well as for the CH4
emission peak at that time interval.
As described by Paul [38] and Segers [39], microbial
production of CH4 in soils results from the action of
methanogen microorganisms that decompose organic
material in the absence of O2, using CO2 as an electron
acceptor and a reduced organic compound as the donor.
The reduction of CO2 occurs under extended reduced
conditions such as in flooded soils or in any soil with
severely limited O2 diffusion [6, 38]. Major factors that
influence CH4 emission flux in soils are soil O2, soil CH4
concentrations, and gas transport. Gas transport is driven
mainly by soil water content and temperature [39]. The
initiation of CH4 production is not affected when the dry
substrates are stored under dry air, O2, or N2 atmospheres,
but it is affected by storage under moist conditions [40].
Therefore, the watering process, in addition to triggering
N2O emission flux, might also have triggered CH4 and CO2
production, as shown in Fig. 3g, h. Mikha et al. [15]
indicated that after dry soil is watered, dead cells quickly
release readily degradable organic compounds, such as
amino acids, NH4
? compounds, and glycerol, which may
be utilized by live microorganisms, resulting in a pulse of
CO2 emission after watering.
Previous studies have reported an inverse correlation
between N2O and CH4 emissions [4, 41]. Delaune and Reddy
[42] report that in soil sediments, anaerobic conditions are
reached at redox potential below ?400 mv; they also indi-
cated that the approximate range of denitrification activity is
between ?400 to ?300 mv and that the reduction of CO2,
which yields CH4 [38, 39], is below -200 mv. Hou et al. [4],
in rice paddy soil, and Johnson-Beebout et al. [41], in a rice
paddy greenhouse experiment, reported that significant N2O
emissions occurred only at approximated redox potentials
above ?200 mv, and significant CH4 occurred below -
200 mv. Based on those results, high emissions of both N2O
and CH4 do not occur simultaneously.
Unlike those studies, this study evaluated the effect of
water application to dry beef cattle manure on GHGs.
Mayer and Conrad [40] demonstrated that unlike forest and
arable soils, rice paddy soils contain a large methanogenic
biomass even under dry and aerobic soil conditions, and
that the production and emission of CH4 is limited only by
the establishment of low redox potential and the supply of
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dissolved organic compounds and oxidants. Moreover,
Gattinger et al. [43] reported increased methanogenic
biomass in soils with a high rate of manure application. In
addition, a soil dominated by air-filled pore space and
oxidizing conditions may quickly become saturated with
water during recharge events, and reduced conditions and
denitrification may dominate temporarily [29]. Therefore,
after water application in Experiments 1 and 2, the
potentially large amount of aerobic microorganisms pres-
ent in the dry manure might quickly consume the O2 left in
the substrate and cause a rapid O2 partial pressure drop [6],
thus rapidly activating the likely large population of den-
itrifiers and methanogens in the dry manure. This result is
also supported by the sudden increase in manure temper-
ature after water application (Fig. 3b). Therefore, sudden
denitrification and methanogenesis could occur simulta-
neously as a result of water saturation of the dry manure,
which limits O2 diffusion and enhances microorganism
activity.
Table 3 shows that CH4 emission flux from the moist/
loose manure was significantly directly correlated with
water content, temperature, and NH4
? content and inver-
sely correlated with pH. It showed a significant monotonic
relationship with NO3
- content (Table 3). For the moist/
compacted manure, on the other hand, CH4 emission flux
was significantly correlated only with manure temperature.
For CO2 emission flux, the moist/loose manure showed
significant direct correlation between CO2 emission flux
and manure water content, temperature, and NH4
? content
and inverse correlation with NO3
- content. Furthermore,
the moist/compacted manure showed significant monotonic
correlation between CO2 emission flux and NH4
? content.
Figure 4 shows the temperature trends for the control
(dry/loose) and for the moist manure treatments after water
application (Experiment 2b). The processes that generated
those temperatures differed significantly at a 5 % level of
significance. For both moist manure treatments, a quick
decrease of 0.5 C occurred as soon as water was mixed
with the manure, which might be a result of direct contact
of water with the buried sensors in the manure. After the
initial temperature drop, temperature increased (Fig. 4a).
Within the first hour, the moist/loose manure increased
3.9 C, which is larger than the 3.0 C observed in the
previous experiment (Fig. 3b). This treatment had a net
temperature increase of 5 C 3 h after watering, then
dropped to 3 C at 20 h after watering (Fig. 4b). After this,
it observed a second temperature peak, with an increment
of 1 C. These temperature peaks coincided with the peaks
Table 3 Correlation matrix
Moist/compacted treatment















































































 Values above diagonal represent the Pearson Correlation Coefficients and their respective p values (in parentheses) for the moist/compacted
treatment
 Values below diagonal represent the Pearson Correlation Coefficients and their respective p values (in parentheses) for the moist/loose
treatment
* No linear relationship was present; instead, a monotonic relationship was observed. Therefore, a Spearman Correlation Coefficient and its
p value are given, rather than the Pearson Correlation Coefficients
? Empty cells indicate no significant correlation
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of N2O and CH4 emission peaks previously described for
the moist/loose manure.
Temperature for the moist/compacted manure exhibited
a trend similar to that for the moist/loose manure; however,
its maximum registered increment was 2.75 C, and the
respective peak times were different, as shown in Fig. 4a,
b. Nevertheless, those peaks also coincided with GHG
emission peaks. Field experiments [20] indicated changes
in soil/manure temperature of over 9 C between different
surface conditions within a pen in a beef cattle feedlot. In
general, results shown in Fig. 4 confirm results from pre-
vious experiments, and the temperature trends support the
GHG emission peaks reported in this study.
Thirty-five days after first watering, a second watering
event took place. As shown in Fig. 4a, a new set of temper-
ature peaks was observed, but those peaks did not reach
previous levels. This result might be a consequence of NH4
?
depletion because no new urine or manure was added in this
experiment. That NH4
? depletion might result in low nitri-
fication activity in the manure, which would decrease deni-
trification; therefore, those small temperature peaks might be
result of inhibited microorganism activity. Because the N
inputs as urine and manure on a pen surface can be considered
inexhaustible in an open-lot beef cattle feedlot, it might be
suggested that large emission peaks of GHGs are emitted
after each rainfall event on dry soil/manure surfaces.
Conclusions
This study evaluated the effects of water application on
GHG emission fluxes from beef cattle feedlot manure. The
following conclusions can be drawn:
1. Emission fluxes of GHGs from dry/loose manure were
significantly smaller than those from moist manure. As
soon as 10 min after water application on the dry
manure, large peaks of emission fluxes were observed.
Emission flux peaks for the moist/compacted manure
were significantly smaller than those for the moist/
loose manure. Both the moist/loose and the moist/
compacted manure showed a second set of GHG
emission peaks, which were lower than the first peaks,
a few days after water application.
2. A large but short-term denitrification occurred within
10 min after water application on dry soil/manure, which
might be responsible for the large GHG emission fluxes.
3. When the manure dried and with no additional inputs
of urine, feces, or water, the GHG emission fluxes
decreased to the level for dry/loose manure.
4. For the moist/loose manure, direct significant correlation
was found among N2O, CH4, and CO2 emission fluxes
with water content, temperature, and NH4
? content;
significant but inverse correlation also was observed
between those GHGs and manure pH and NO3
- content.
5. For the moist/compacted manure, N2O and CH4
emission fluxes showed significant direct correlation
only with manure temperature.
Results suggest that in estimating emission fluxes from
soil/manure, the effect of water content and/or water
application should be considered. Also, water sprinkling
for controlling dust emission and/or alleviating heat stress
on the animals could increase greenhouse gas emissions
from pen surfaces, and should therefore be considered
when designing or operating water sprinkler systems.
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